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Agenda JPL

Introduction
— What 1s being “enhanced” in the potential EMMRTG?

Overview of the Skutterudite Technology
Maturation (STM or Tech Mat) program

— Develop advanced skutterudite (SKD)-based couples for
the proposed eMMRTG

Status of SKD-based couple development
— Thermoelectric (TE) material production
— TE couple fabrication

summary
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What is being enhanced in the potential eMMRTG? JPL
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Replacing MMRTG couples with new SKD TE couples without significant design changes to the

generator

+ SKD couples retrofit in the MMRTG TE module (no change in number of couples)

+ Simple emissivity change to heat source liner surface will enable use of MMRTG end insulation system
* Volume, mass, and external interfaces remain unchanged

«  MMRTG’s Multi-mission capability preserved while offering enhancement in power

* Upgraded TE module insulation to suppress SKD material sublimation in progress
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A Boost in Conversion Efficiency with Low  JPL
Risk Enhancements

Technology Transfer and Maturation  + MMRTG Design Modifications = eMMRTG

Liner cross-section
change boosts

Skutterudite Advanced operating temperature
(SK[.))I N SKD
materials
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Phased Skutterudite Technology Maturation _JPRL
(STM) Program

¢ Phase A key accomplishments
¢ Transferred JPL developed TE materials, metallized elements and TE

module insulation production procedures to TESI

e Demonstrated manufacturability and validated performance for SKD Phase A
mate ~

. pemoUcCCessfully. Passed.Gate .1, 1« 2 years

itera

* Asse OCt 2015

¢ |Initiatea nre assessment ot SKU materiails, coupons, coupies

¢ Phase B key objectives
¢ Finalize couple design and module insulation/sublimation suppression at
the end of Phase B cou! Phase B
¢ Further establish lifetin Gate 2 atabase through SKD materials,
coupons, couples, and riivauies uiiuei nominal and accelerated testing
conditions

Potential eMMRTG flight
program development
(DOE)

¢ Phase C key objectives

¢ Design and demonstrate manufacturability and initial perf

SKD 48-couples modules

¢ Finalize a lifetime perfori wugh

coupons, couples, and m Gate 3 al an
conditions

e Develop a high reliability lifetime performance prediction

¢ |nitiate verification of LPP through 48-couple module testi
nominal and accelerated testing conditions

eMMRTG

STM Team
JPL (Lead), NASA/GRC (support), DOE (Guidance)

Subcontractors: Teledyne Energy Systems Inc. (TESI), UDRI, ATA
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SKD Thermoelectric Material Synthesis JPL

Raw
materials

 JPL’s procedures for the synthesis of SKD
materials transferred to TESI

» Equipment and procedures for the synthesis of
p- and n-SKD TE materials established at TESI

 Batch and yield to date sufficient to support the
fabrication of a generator

 Performance of TE materials produced by TESI
independently verified by JPL and ORNL

Ball milling

Powder

QA puck SKD TE materials manufacturing
capabilities successfully established at TESI




Room Temperature SKD Thermoelectric JPL
Properties (JPL
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TE Properties Life Testing - Skutterudite in Arand  _JIPL
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* TE properties of n- and p-skutterudite show no change after 52 weeks of aging in
vacuum up to 650C

* TE properties of n- and p-skutterudite show no change after 26 weeks of aging in Ar
up to 650C




Diced puck before
removal of elements

Development of Low Electrical Contact Resistance

« Fabricated and cut several n- and p-SKD
metallized pucks

« Machined SKD legs have low measured electrical
contact resistance (ECR) (< 15 pQ-cm?)

metallization metal
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Illustration of a typical ECR scan

« JPL’s procedures for the
fabrication of 1st iteration SKD
elements transferred to TESI

e Performance of TESI elements
verified by JPL

1%t jteration SKD metallized elements
manufacturing capabilities
successfully established at TESI



Phase A 15t Ilteration SKD Couple Fabrication JIPL
(JPL and TESI)

« JPL’s procedures for the fabrication of
1t iteration SKD couples transferred to
TESI

« Equipment and procedures for the
fabrication of SKD couples established
at TESI

« Performance of 1 iteration couples
verified by JPL

1%t jteration SKD couples
manufacturing capabilities

successfully established at TESI 1% iteration coupslle fabricated
at TE




Phase A 1stiteration SKD Couple Testing (JPL JPL
and TESI)

« 1Stiteration couples in vacuum
— Four couples tested for 9888 hrs (~1.1 year) at Th up to 625C
— Encapsulated in insulation (ambiently dried aerogel)
— Primarily for sublimation suppression

Couple ID Test duration Hot-junction T Cold-junction T

SKD 6 V2 9888 hrs 550 C 200C
SKD 7V2 0888 hrs 600 C 200C SKD couple tested for
SKD 9 V2 9888 hrs 600 C 200C 9888 hours at Ty, =

600°C and T, = 200°C
SKD 5 V2 0888 hrs 625 C 200C

« 1Stiteration couples in Ar

— Couples typically showed an increased degradation rate compared to vacuum testing

— Observed degradation associated with oxidation of specific layers in the couple metallization
stack

— Residual moisture/oxygen present in the test chambers and also anticipated at some level in
the final generator

— 2 jteration couples addressed this sensitivity



2"d |teration SKD Couple Fabrication (JPL and TESI) JPRBL
— Retired Oxidation Concern

T i 2 &
ARG T Sy

an

iteration couple
fabricated at JPL

2"d jteration couple
fabricated at TESI

JPL’s procedures for the fabrication of 2nd
iteration SKD couples with alternate
metallization stack (good oxidation
resilience) transferred to TESI

TESI can procure, process, and bond
couples with an alternate (good oxidation
resilience) metallization layer

JPL and TESI’s couple testing results for
2nd jteration SKD couples showed
significantly reduced risk in oxidation
concern

2nd jteration SKD couples
manufacturing capabilities
successfully established at TESI



2"d |teration Couple Testing (JPL and TESI) JPL

« Initial 2"d iteration couple testing showed the
oxidation concern was retired but specific
material layers in the couple were sensitive to

Antimony interaction 1:2 La sl .

» Antimony reacted with materials/metals in the o F & a” 9 °o o ° o
couple metallization stack (typically in p-leg), o= 4 4 a
forming low melting point (600 — 650C), high ~ _ **
vapor pressure compounds g or = e

» Observed couple power degradation due to Sb % 060
interaction E’, 0.50 Red - couples fabricated

» Antimony vapor was produced by sublimation of g o4 "S"ti)tf\'/g;itre”a's sensitive to
SKD materials £ 030

* Initial 2" iteration couple (Gen. Il) testing = o Gfie” - Co!“?'es T?lblf,icé‘teé‘
showed the Sb interaction concern was retired 010 | o et eradient \,Svtl)tinr'::aarl;ecrtliiﬁ i e
but specific material layers in the couple were 0.00
degraded by certain diffusion mechanism ’ 200 cUmAthivemou,S;Efs, 800 o o

« Fabrication of 2"d iteration couple (Gen. 111)
SKD couples using smart materials/metals is in
progress (refer to poster titled “Advanced
Skutterudite-Based Unicouples for a Proposed
Enhanced Multi-Mission Radioisotope
Thermoelectric Generator: An Update”)

Initial JPL 2nd [teration Couple (Gen. Il) Testing
: P/Po (normalized power) vs. time for P-legs

Several Couple Configurations Not Sensitive to both Sb Vapor and Diffusion
Degradation Identified
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« Key findings

« Sublimation rate of p-SKD decreased by ~ 8 times with advanced insulation (aerogel)
« Sublimation rate of both p and n-SKD in Ar decreased by ~ 100 times (compared with the
values in vacuum)
Estimated sublimation rate with both Ar and aerogel
— p-SKD at 600C with Ar and aerogel: 2.2 x 106 g/cm?/hr
— n-SKD at 600C with Ar and aerogel: 2.6 X 107 g/cm?/hr
Current sublimation rates are consistent with 17 years of operation




Summary JPL

« STM team successfully passed the gate 1

« JPL has transferred the processes for the fabrication of SKD
materials, metallized elements, couples, and insulations to TESI

« TESI has developed manufacturing capabilities for SKD
materials, metallized elements, couples, and insulations

« JPL and TESI retired the concern of 1t iteration couple life
performance degradation due to oxidation

« JPL and TESI demonstrated manufacturing capability of 2nd
Iteration couples with good oxidation resilience

« The development of 2" iteration (Gen. 1) SKD couples with no
or very limited Sb interaction is in progress
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